Based on flexible pneumatic bending joint and flexible pneumatic spherical joint, a kind of flexible pneumatic 5-DOF finger is proposed, which is composed of two bending joints and a spherical joint. The mathematic model of flexible pneumatic spherical joint is further analyzed. On the researching foundation of flexible pneumatic bending joint and flexible pneumatic spherical joint, the kinematics equation of the 5-DOF finger is deduced. And the redundancy problem of the inverse kinematics solution is resolved by genetic algorithm. The simulation experiment illustrates that genetic algorithm for solving of inverse kinematics is feasible and effective.
INTRODUCTION
The complex structure of human hand enables it to grab objects of different size and shape easily, so researching on dexterous hand similar to human hand is many researchers' goal. Many different kinds of multifingered dexterous hand have been developed, such as: the Okada dexterous hand developed by Japanese Electronic Technology Lab in 1974 (Okada, 1982) , the Utah/MIT hand similar to human hand developed by MIT and the University of Utah in 1980 (Mason, et al., 1985) , the Hitachi hand proposed Libin Zhang, Zhiheng Wang, Qinghua Yang, Tiefeng Shao, Guanjun Bao by Japan in 1984 (Nakano, et al., 1984) , the DIST hand and UB hand presented by Italy in 1990s (Caffaz, et al., 1998) , the DLR-1 and DLR-2 Hand developed by German Aerospace Center (Hirzinger, et al., 1999; Lovchik, et al., 1999) , the NASA multi-fingered dexterous hand developed by United States National Aeronautics and NASA Johnson Space Center in 1999, the dexterous hand based on the pneumatic artificial muscles developed by Shadow robot company in England.
Some research institutions in China have also launched the study on dexterous hand in 1980s. The Robot Research Institute of Beijing University of Aeronautics & Astronautics has developed BH-1, BH-2, BH-3 and BH-4 dexterous hands (Wang, et al., 1997; Shang, et al., 2000) . Harbin University of Technology and German Aerospace Center have jointly developed a new generation of multi-fingered humanoid robot hand HIT/DLR Hand.
The executive components of dexterous hands introduced above are rigid structure, so the adaptability and security for environment and grasp goal are poor and they need more accurate control system. Flexible dexterous hand based on Flexible Pneumatic Actuator FPA has virtues of good flexibility and adaptability, particularly suitable for agriculture fruit picking, service robots and medical rehabilitation apparatuses, which need higher security and adaptability. This paper presents a new kind of 5-DOF finger based on flexible pneumatic bending joint and flexible pneumatic spherical joint. The Kinematics model of this finger is established. The inverse Kinematics equation is also analyzed and simulated. This flexible pneumatic 5-DOF finger can be applied in multi-fingered dexterous hand design, applicable to agricultural harvesting robot, service robots, and other fields.
STRUCTURE AND PRINCIPLE OF FLEXIBLE
PNEUMATIC 5-DOF FINGER
Flexible pneumatic actuator FPA
Yang has proposed the Flexible Pneumatic Actuator FPA, and analyzed its static and dynamic characteristics . The static model of FPA is: 
Flexible pneumatic bending joint
Based on FPA, Zhang designed the flexible pneumatic bending joint (Zhang, et al., 2006) . Fig.1 shows the structure of the bending joint. Adding constraining wire fixed at both ends in one side of FPA rubber tube results in the flexible pneumatic bending joint This kind of joint can realize bending movement in a plane, and the bending angle can be reached at 90°. The static model of the flexible pneumatic bending joint is: 
2.3
Flexible pneumatic spherical joint 
In practical application, P i -P atm ≥0, so each matrix item is greater than 0, when φ = 0, the following equation can be obtained: 
From equation (4), the following inequalities can be obtained: 
According to equation (5) and (1), the size of initialization importation air pressure is: 
Flexible pneumatic 5-DOF finger
According the anatomical structure of human hand, flexible pneumatic 5-DOF finger is designed based on flexible pneumatic bending joint and flexible pneumatic spherical joint. Fig.4 shows the structure of the finger.
Two flexible pneumatic bending joints and one flexible pneumatic spherical joint are connected in series by rigid knuckles. The two constraining wires embedded in the flexible pneumatic bending joints should be maintained in a straight line, and the spherical joint is the first joint near the digital root. The length of the far finger knuckle, near finger knuckle and palm finger knuckle are l 3 = 15mm, l 2 = 10mm, l 1 = 25mm respectively. And the length of the finger joint, metacarpophalangeal joint and carpometacarpal joint are l 6 = 15mm, l 5 = 30mm, l 1 = 25mm respectively.
The flexible pneumatic 5-DOF finger designed in this paper is shown in Fig.5 . Compressed air fills into three joints by five windpipes. When the air pressure inside two bending joints adjusted properly, they can realize different angle bending movement. Controlling the air pressure in three FPAs of the pneumatic spherical joint, the spherical joint can move within 360° of rotation and bending. When the pressure of air inside the joints gradually reduces, the pneumatic finger reverts to the original state. The flexible pneumatic finger with five DOFs has virtues of excellent flexibility, simple structure, and does not need the complex transmission device and variable speed mechanism. For the use of rubber material as actuators, the finger has good flexibility. When grasping objects, elastics rubber tube can adapt to the shape of the object, and does not cause unnecessary damage to the target.
KINEMATICS ANALYSIS OF THE 5-DOF FINGER
The 5-DOF finger is composed of three joints. Kinematics model of the finger is mainly analyzed for the position and orientation of the fingertip relative to palm space. Fig.6 shows the coordinate system of the finger. The rotation angle of each joint is φ , θ 1 , θ 2 , θ 3 respectively. Coordinate system 0 is fixed on the carpalmetacarpal; its origin O 0 is the crossing point between axis of the spherical joint and carpalmetacarpal, when the thumb and the other four fingers are in the same plane. The Z 0 -axis is perpendicular to the palm outward, while the X 0 -axis lies along the axis of the joint, and the Y 0 -axis is determined by the right-hand rule. Located in the spherical joint's end connecting with carpalmetacarpal, the coordinate system 1 rotates relative to the coordinate system 0 along with the spherical joint's abduction movement. The origin O 1 coincides with O 0 , while the Z 1 -axis is perpendicular to the palm outward. Initially, X 1 -axis mergers with X 0 -axis, and then rotates around the Z 1 -axis; while the rotation angle is φ . The
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Y 1 -axis is determined by the right-hand rule. The origin of the coordinate system 2 coincides with origin O 0 . The Z 2 -axis is perpendicular to bending finger plane, while the X 2 -axis lies along the axis of the joint upward, and the Y 2 -axis is also determined by the right-hand rule. Coordinate systems 3, 4, 5, 6, 7, 8 are defined by the method described above. Coordinate 8 is located at the fingertips.
When the abduction angle is φ , Fig.7 shows the simplified model of the finger movement under the coordinate system 1. In Fig.7 , the chord lengths of the three joints 1, 2, 3 are denoted by the symbols O 1 A, BC, DE, while the three knuckles' lengths are denoted by the symbols AB, CD, DE respectively. Three symbols θ 1 , θ 2 , θ 3 stand for angles between three knuckles and three chords respectively. According to the geometric relationship, the bending angles of three joints can be calculated, and they are 2θ 1 , 2θ 2 and 2θ 3 . The homogeneous transformation matrixes for the thumb movement are as follows: (3) Inverse kinematics characteristic of the flexible pneumatic 5-DOF finger is analyzed, and the genetic algorithm is applied to solve the inverse kinematics equation. The simulation experiments show that applying genetic algorithm to solve the inverse kinematics problem is feasible and effective.
